Knowledge of efficiency of pollinators is valuable in the derivation of (i) the degree of mutualism specialization of a flower visitor in the natural plant communities, (ii) the optimum number of pollinators needed for the maximum pollination in a plant population, and (iii) the pollinator risk assessment in the sustainable agriculture. Earlier researchers used many direct and indirect methods for measuring the pollination efficiency (PE) of flower visitors. However, a great ambiguity exists in the usage of this terminology that necessitated its fresh scrutiny. I tested the available three standard methods afresh to find the efficiency of pollinators. These included comparing the (i) number of pollen grains removed and deposited by the visitors; (ii) seed set resulting from a single and the multiple visits of the visitors; and (iii) "pollen transfer efficiency (PTE)" derived from the foraging behavior and abundances of the visitors. Observations were recorded on the visitors of four plant species in an agroecosystem of Northwest India. These plants represented a wide variety of the floral types across the angiosperms. The first two methods, namely, the "number of pollen grains removed and deposited" and the "seed set resulting from a single and the multiple visits," were appropriate in finding differences between the efficiency ranks of the pollinators of those flowers where the number of deposited pollen grains was less than the number of ovules in the ovary. However, these two methods completely failed in situations where exactly reverse condition of pollen grains and ovules existed. Thus, these two methods of measuring the PE of visitors had limited approach and lacked a universal application over the entire angiosperm taxa. On the other hand, use of "pollen transfer efficiency", derived from the foraging behavior and abundance of the visitors, seemed to have an edge over the other two methods as this was helpful in finding differences between the efficiency ranks of the pollinators of plants in all the three situations tested in this study. However, validation of all the three methods through the plant reproductive potential seemed to be an integral confirmatory step for drawing inferences about the efficiency of pollinators.
Introduction
Pollinator-plant relationship has been the subject of great interest to many pollination biologists. A perfect relationship is witnessed when both components exhibit interdependence (equally benefitted); although the latter may be obligatory (mutualism) or facultative (protocooperation). In the pollinator-plant system, while mutualism is quite rare (e.g., in the fig and fig wasp) [1] , there is a very common occurrence of protocooperation. In fact, majority of the plant pollinator relationships fall in the latter category. Here, the plant offers the floral reward to the pollinator and, in return, tries to take the benefit of pollination of its flowers by the pollinator. While the flower visitor successfully harvests the floral reward, the plant reproductive success is not always guaranteed. The real problem arises when the pollinator takes the benefit of floral reward but does not return equal benefit to the plant in terms of its reproductive success. Under such a situation, the major concern of the pollination biologists has been the measurement of degree of interdependence of the two components of this system [2] [3] [4] . This degree of interdependence can be measured by a parameter of the pollinator that is popularly known as pollination efficiency (PE). The knowledge of pollination efficiency of flower 2 International Journal of Ecology visitors is considered to be valuable in determining the degree of mutualism specialization of the flower visitors to a plant species in the natural communities [5] . Besides this, it helps characterize the most efficient pollinator of a plant species; the derived PE is an integral part of a method used for determining the optimum number of pollinators needed to maximize pollination in a plant population [6] and is important parameter for the risk assessment in the pollinator conservation and sustainable agriculture [4] .
Many indirect and direct methods were earlier used to measure the pollination efficiency of flower visitors. These included examining the full range of floral visitors in a natural community [7] [8] [9] [10] [11] [12] [13] ; analysis of identity, placement, and quantity of pollen grains on a visitor's body and observation of their foraging behavior [14] , examining the number of pollen grains transported [7, 15, 16] , the degree of pollen removal [17] , the amount of pollen deposited on the stigma [12, 18] , or devising index values by supplementing behavioral data with the abundance of flower visitors [19] [20] [21] [22] [23] . Some researchers have correlated this with the number of pollinator visits or their visitation rate [8, 9, 13, [24] [25] [26] [27] [28] [29] [30] [31] , while others have combined the behavioral observations of flower visitors with the pollen loads they deposit on the receptive stigmas [27, 32, 33] . Likewise, some researchers have designated the seed set efficiency as the pollination efficiency [5, 8, [34] [35] [36] [37] , while others have correlated seed set with the number of deposited pollen grains [7, 15, 27, 38, 39] .
Examining the full range of visitors and number of pollen grains removed and deposited will be useful if their relative benefit to the plant is also known. Likewise, the seed set resulting from a single visit [34] or fruit set resulting from the multiple visits [40] of the visitors were considered as suitable methods of measuring the pollination efficiency. However, all the visits of a pollinator to a flower type are not always alike; there are qualitative as well as quantitative temporal variations in these visits [20] [21] [22] [23] . Thus, it is not known in how many of the flower types the latter methods hold good. Therefore, each method of measuring the efficiency of pollinators appears to have some limitation. Ne' eman et al. [4] presented an excellent review on this subject. They too reported the prevailing ambiguity in defining and measuring the efficiency of pollinators. Broadly they identified two methods of measuring the pollination efficiency. First method estimates stigmatic pollen deposition and the underlying pollinator behavioral parameters, while the second method estimates the pollinator's contribution to the plant reproductive success in terms of seed set. They proposed conceptual framework with a modular approach based on pollen deposition, visit frequency, and contribution to seed set relative to the plant's maximum female reproductive potential. Central to these issues, I experimentally tested the latter three methods (pollen deposition, visit frequency, and contribution to seed set) of measuring the pollination efficiency of flower visitors of four plant species, keeping in view the maximum reproductive potential of the female flower as the standard asymptote. This study has been made to resolve the problem of existing ambiguity and to suggest a suitable measure of the pollination efficiency of the flower visitors.
Materials and Methods

Floral Situations.
There are four floral situations across the angiosperms (the flower-bearing plants) [2] . These are as follows.
(i) Bisexual and Single Flowers. This situation is found in racemes, spikes, spikelets, and cymes of plant families Caesalpinioideae, Cruciferae, Labiatae, Linaceae, Malvaceae, Orchidaceae, Papilionaceae, Pedaliaceae, Rosaceae, Solanaceae, etc. Here the pollination unit is a single flower, i.e., euanthium [1] .
(ii) Bisexual and Aggregated Flowers. This situation exists in some inflorescences like corymb, umbel, and capitulum of families Asteraceae, Mimosoideae, Apiaceae, and Vitaceae and the plants like onion (Allium cepa L.). In these cases, the pollination unit is the whole inflorescence, i.e., pseudanthium [1] .
(iii) Unisexual and Single Flowers. This situation is found in the inflorescences like racemes and cymes of families Cucurbitaceae and Euphorbiaceae and some members of the Rutaceae, Tiliaceae, etc. Here also, the pollination unit is a single flower, i.e., euanthium [1] .
(iv) Unisexual and Aggregated Flowers. This situation prevails in plants of the families like Araceae, Moraceae, Palmaceae, Salicaceae, Typhaceae, etc. The plants are monoecious or dioecious. Here, male and female flowers are either in the same or in different inflorescences; examples of such inflorescences are catkin and hypanthodium of Moraceae. In these cases too, the pollination unit is the whole inflorescence, i.e., pseudanthium [1] .
Northwest India lacks undisturbed and large natural ecosystems. The latter have now been converted in to an agroecosystem where large varieties of summer and winter crops are grown. Therefore, I conducted experiments on four cultivated crop plants and their flower visitors at the Research Farms of Haryana Agricultural University, Hisar (India). I selected two crops, namely, alfalfa (Medicago sativa L.) and toria (Brassica campestris L. var. toria) for the first situation, carrot (Daucus carota L. var. sativa) for the second situation, and bath sponge (Luffa cylindrica L.) for the third situation; however, no plant was available for the fourth situation. All the four plants need cross-pollination of their flowers for setting fruits/ seeds [41] . In alfalfa, the ovary of the flower has 12 ovules and tripping of its flowers is a prerequisite for pollination/seed set [42] . Toria is a self-incompatible plant and its flower has 24 ovules [43] . In carrot each flower has 2 ovules; however, a protandrous condition is prevalent in the flowers [44] . In bath sponge, the flowers are unisexual and the female flower has more than 1000 ovules [45] . This information is essential for having knowledge about the maximum reproductive potential of the flower of a plant species.
I tested the following three methods for measuring the pollination efficiency of flower visitors.
Number of Pollen Grains Removed and Deposited as a Method of Measuring the Pollination Efficiency.
To find out the number of pollen grains removed from the anthers of a flower by the visitors, I used the method of Parker [46, 47] . The foragers of a visiting species were captured randomly from the respective field. Their scopa were clipped and the remaining body of each forager was immersed separately in a 10 ml solution of 60 percent alcohol in a wide glass tube. The contents were shaken well and a volume of 0.25ml of liquid containing the pollen was flown underneath the cover slip of the hemocytometer. Number of pollen grains present in the five small squares was recorded following procedure explained by Fuentes [48] . The observations were repeated 5 times on one individual and on 10 individuals of a species without replacement of liquid in the tube, thus making 50 observations. In each observation, number of pollen grains present in the solution was determined with the help of the following equation:
where N is total number of pollen grains in Vi ml of solution, n is number of pollen grains in a small square, and Vi is volume of the solution containing total pollen grains at the time of taking ith sample; i takes a value from 1 to z (in the present case z=5). Likewise, the number of pollen grains deposited on the stigma of the flower by a visitor was calculated using the method of Bertin [10] . The stigmas of flowers of a plant were excised after 24 h of their pollination and stained with acid fuchsine for half an hour. The pollen grains, stained in magenta color, were counted under ×100 magnification. Ample care was taken in ascertaining the accuracy in counting the pollen grains. The observations in both the cases were repeated five times and on 10 stigmas (N=10 × 5=50).
Seed/Fruit Set Resulting from a Single and the Multiple Visit(s) as a Method of Measuring the Pollination Efficiency.
Effects of a single visit of the visitors on the seed/fruit set/yield were recorded using method of Spears [34] and effect of multiple visits of the visitors on the seed/fruit set/yield was recorded using method of Donovan and Read [40] . A floral bud due to open next day was marked/tagged in the evening and allowed for the visits of pollinator(s) next morning. Such flowers of each plant species (N=40) receiving a single and the multiple visit (s) were bagged till fruit set. These marked fruits were harvested on maturity and the number of seeds set in each fruit was manually recorded [49] .
Pollen Transfer Efficiency as a Method of
Measuring the Pollination Efficiency (a) Only Nectar Collection (N-Foragers). During this foraging mode, the visitors collected only nectar and that too from the sides or base or from the wide gap between the reproductive column and the corolla of the flower; this is base working [50, 51] . These foragers were nectar thieves and did not transfer pollen and hence were not the pollinators (Figure 1 ). These visitors were designated as N-foragers (nectar thieves). Nectar robbers, as defined by Inouye [50] were absent in this study.
(b) Nectar as well as Pollen Collection (NP-Foragers).
During this mode, the visitors collected both nectar and pollen in each visit. They did this either from the front of the flower (designated here as top foragers or front foragers or NP1-foragers) ( Figure 2 ) or after collecting pollen from the front/top of the flower they collected nectar from the side of the flower or vice versa (NP2-foragers) ( Figure 3 ). In this case, while foraging from the front of the flower, the forager advertently or inadvertently got dusted with and transferred pollen. The foragers showing this mode always acted as pollinators. These visitors were designated as NP-foragers.
(c) Only Pollen Collection (P-Foragers). In this case, visitors collected pollen only and, while working on a flower/inflorescence, did not attempt to collect nectar ( Figure 4 ). The visitors were front/top foragers. The foragers of a species showing this mode were always pollinators. These visitors were designated as P-foragers; pollen thieves/robbers were, however, absent in this study. Accordingly, the visitors to the flowers of the plants of this study were designated as pollinators or nonpollinators [51] [52] [53] . While working on the flowers of a plant, if a forager worked from the top of the flower, collected pollen in each foraging effort/visit, virtually came in contact with the reproductive organs (anthers and stigma) of the flower, and transferred pollen in its next visit to the succeeding flower, this visitor was designated as a pollinator of the reference plant. However, if the forager of a species worked from the side of the flower to steal only nectar and did not come in contact with the reproductive organs of the flower, this forager was designated as a nonpollinator (nectar thief) of the reference plant.
R.C.Sihag
Thus, all the visits of a pollinator to a flower type were not always alike. A visit that resulted in pollen transfer (e.g., of a P-or an NP-forager) was termed as 'pollen transferring visit' whereas a visit that did not transfer pollen was termed as a 'nonpollen transferring visit' (e.g., of an N-forager).
Derivation of Pollen Transfer
Efficiency. According to Sihag [2] , pollen transfer efficiency (PTE) is the result of three parameters of a pollinator species, namely, its (a) foraging mode, (b) foraging rate, and (c) abundance on a plant species. It is an attribute of a species as a whole. Numerically, it is the average number of flowers actually pollinated by a forager per unit time (say per minute). It is different from the 'visitation frequency' or 'foraging rate'; the latter two terms represent the number of flowers visited by a forager per unit time without taking into consideration how many of the visited flowers are pollinated.
If N i is the total population of a pollinator on a plant and N ij the number of foragers showing jth foraging mode at ith hour of the day (all the three foraging modes are included) so that P ij = N ij / N i . Further, if hourly observations are recorded 
(a) When All the Visitors of a Species Show Only One (Same) Kind of Foraging Mode.
Here all the visitors of a species show similar foraging mode that leads to successful pollination [2] , for example, pollen as well as nectar collection from the top of the flower (Figures 2 and 3 ), or only pollen collection ( Figure 4 ). Then foraging rate of a species will be its pollen transfer efficiency. Here, the model equation will be
where F is foraging coefficient always taking a value equal to unity under the assumption that all the foraging attempts of a visitor result in successful pollination and R is foraging rate of a visitor species, as defined earlier.
(b) When Different Visitors of a Species Show Different (More Than One) Kind of Foraging Modes.
Here, the foragers of a visitor species show more than one foraging mode simultaneously or at different hours of the day, e.g., only nectar collection (Figure 1 ), only pollen collection ( Figure 4) , and nectar as well as pollen collection (Figures 2-3 ). Then, an empirical model incorporating the temporal variation in visitor's abundance as well as foraging rates will define its pollen transfer efficiency [2] . Here, the model equation will be
where n is number of times in a single day when observations were recorded, R j is foraging rate of the visitors exhibiting jth foraging mode where j takes a value from 1 to 3.
International Journal of Ecology Then, R 1 is foraging rate of only pollen collectors, R 2 is foraging rate of nectar as well as pollen collectors, and R 3 is foraging rate of only nectar collectors. Fj is foraging coefficient for the jth foraging mode. F j takes a value 0 or 1. When coupled with R 1 and R 2 , its value is equal to one (i.e., F 1 = F 2 = 1). Here, a flower visitor always acts as a pollinator. Similarly, when coupled with R 3 , its value is equal to zero. In this case, a flower visitor acts as a nectar thief/robber and plays no role in the process of pollination (i.e., F 3 = 0). 
where n is number of times in a single day when observations were recorded and R j is foraging rate of the visitors exhibiting jth foraging mode where j takes a value from 1 to 2. Then, R 1 is foraging rate of only pollen collectors, R 2 is foraging rate of nectar as well as pollen collectors, and Fj is foraging coefficient for the jth foraging mode. When coupled with R 1 and R 2 , F j always takes a value equal to 1 (i.e., F 1 = F 2 = 1). Here flower visitors always act as pollinators.
However, if the plant reproductive organs are concealed or the size of the pollinator is equal to or smaller than the size of the flower, despite the inflorescence representing a single floral unit, each flower requires independent visits to be pollinated very much like a bisexual and single flower [2] .
(iii) Pollination of Unisexual and Single Flowers. In the unisexual flowers (Figure 6 ), a female flower will be pollinated only if a forager has already visited a male flower [2] . Here, a component of conditional probability has entered into the process for the successful pollination of a female flower. The value of probability depends upon the female to male sex ratio in the floral population ( Figure 6 ). There can be two situations.
(a) When All the Foragers of a Species Show Only One (Same)
Kind of Foraging Mode. Here other conditions are the same for (2a); the only difference is the presence of a probability component. Therefore, the model equation will be
where P c is conditional probability. This is the probability of a forager visiting a female flower subject to the condition that it has already visited a male flower. P c will depend on the ratio of male: female flowers and can be derived using the following relationship:
where P (D) is probability of a forager visiting a male flower and P (C/D) is probability of a forager visiting a female flower given that the visitor has already visited a male flower.
(b) When Different Visitors of a Species Show Different (More Than One) Kinds of Foraging Modes.
Here the model equation will be
The abbreviations are the same as described earlier.
(iv) Pollination of Unisexual and Aggregated Flowers. In this case, the model equation will be
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Recording of Empirical Data.
To record the numbers of flower visitors, five plots of 1×1 m 2 were randomly selected in the plant area and the number of visitors and their foraging modes (method of working on a flower) and rates (number of flowers visited per minute) were recorded for 5 minutes. Daily observations were recorded from 0900h to 1700h at two-hour interval (5 daily observations) [20, 48] and repeated at weekly intervals during the peak flowering period of the plant for 5 weeks (for each species n=5 × 5 × 5=125 observations). Respective pollen transfer efficiency (PTE) of the pollinators was calculated from the data on their foraging modes, the foraging rates, and the abundances using (2a), (2b), (3), (4a), and (4b).
Statistical Analysis.
All the experiments were laid down in Completely Randomized Design [54] and the recorded data were statistically analyzed using one-or two-way Analysis of Variance (as the need was). This was followed by a derivation of 'least significance difference' (LSD) to compare the treatment means at 5 per cent level of significance.
Results
Number of Pollen Grains Removed and Deposited as a Method of Measuring the Pollination Efficiency.
On the basis of number of pollen grains removed by the flower visitors and deposited on the stigmas of four plants of this study, the pollinators could be clearly ranked for their efficiency (Tables 1 and 2 ), as the differences among the pollinators for these two parameters were significant (ANOVA followed by LSD; p<0.05, Tables 1 and 2 ). For example, the efficiency ranks of pollinators of alfalfa were A. dorsata > A. mellifera > C. rubripes > M. nana > C. cephalotes; of toria were A. dorsata > A. mellifera > Andrena ilerda > A. florea > syrphid flies; and of carrot were Andrena leaena > A. florea > syrphid flies, respectively. However, if examined in the light of female reproductive asymptote of flowers of these plants, this measure of PE seemed to be illogical. This is because, all the pollinators of alfalfa, toria, and carrot removed and deposited much larger numbers of pollen grains than required by the flower of the respective plant, as is evident from the number of ovules present in the respective ovary. Here, every visitor is capable of transferring the required number of pollen grains to set (maximum) seeds in the visited flower. Hence, on the basis of this method of measuring the PE of flower visitors, the difference in the relative contributions of visitors towards the reproductive success of the plant is difficult to be established. Bath sponge, however, presented an entirely different picture. On the basis of the above two parameters and the number of ovules in the ovary, the pollinators of bath sponge could be ranked more precisely and logically (Tables 1 and 2 ). The pollinators of bath sponge deposited much lower number of pollen grains than required by the flower as is indicated by the number of ovules in the flower of this plant; X. fenestrata had a clear edge over Melissodes sp., Halictus sp., and A. florea, and their efficiency ranks too were in this descending order.
These two submethods of measuring the PE (i.e., pollen removed and deposited) of flower visitors, though successfully differentiated the pollinators of one plant (bath sponge) for their efficiency, yet failed to do so in case of pollinators of other three plants (alfalfa, toria, and carrot) of this study; these methods have limited scope and certainly lack universal application in determining the efficiency of pollinators. Table 3 present the number of fruit/seed set due to a single visit of each foraging mode of the pollinators of four plants. In alfalfa, toria, and carrot, pollen transferring (an NP or a P) single visit of each pollinator was enough in achieving the maximum seed set in the visited flowers. But, none of the nonpollen transferring (an N) visit could do so, as the seed set due to the latter visitors was zero ( Table 3 ). The differences between the two foraging modes (an NP and a P) were nonsignificant and also between the pollinator species of these plants (ANOVA followed by LSD; p>0.05, Table 3 ). Differences between these two foraging modes were nonsignificant on bath sponge too (ANOVA followed by LSD; p>0.05, Table 3 ). However, differences among the pollinator species of the latter plant were significant (ANOVA followed by LSD; p<0.05, Table 3 ). This indicated that the effects of visits of NP-and P-foragers of the pollinators of four plant species in fruit and seed set were similar. Therefore, it becomes amply clear that all the pollinators of alfalfa, toria, and carrot contributed equally in their pollen transferring single visits towards the respective reproductive success of these three plants. But the pollinators of bath sponge contributed differentially towards the reproductive success of the latter plant (Table 3) . The results on the effect of pollen transferring multiple visits of the pollinators of four plants are presented in Table 4 . In alfalfa, toria, and carrot; a single (pollen transferring) visit of each pollinator was enough to fully realize the reproductive potential of a flower; the multiple visits were of no added advantage to these three plants. Therefore, on the basis of multiple visits, the rankings of pollinators of alfalfa, toria, and carrot are not of added use. However, in bath sponge, there was an incremental effect of multiple visits of pollinators on its fruit and seed set. The maximum reproductive potential of a female flower of the latter plant seemed to be about 1350 seeds. Apis florea, Halictus sp., and Melissodes sp. could set fruit in this plant in the respective single visit, but these pollinators could not realize the maximum reproductive potential of the female flower of this plant even in their respective four consecutive pollen transferring visits (Table 4) . On the other hand, Xylocopa fenestrata could do so in just its two consecutive visits, thus having an edge over the other three pollinators of the bath sponge.
Seed/Fruit Set Resulting from a Single and the Multiple Visit(s) as a Method of Measuring the Pollination Efficiency.
Results in
Therefore, on the basis of multiple visits, the ranking of pollinators of only one of the four plants of this study was possible. On the broader angiosperm plate form, this method of measuring the PE too seems to have restricted application.
Pollen Transfer Efficiency as a Method of Measuring the Pollination Efficiency.
The visitors of a plant species showed different foraging modes. On alfalfa (Medicago sativa), Apis florea invariably showed only one kind of foraging mode; foragers of this honeybee were base workers (N-foragers). Abbreviations are as in Table 5 .
Here, this honeybee always acted as a nectar thief (Table 5) . Likewise, on this plant, three megachilid species too showed only one kind of foraging mode; i.e., these invariably acted as NP1-foragers (pollinators). However, Apis dorsata exhibited all the three kinds of foraging modes (Table 5 ); in its NPforaging mode; NP1 was present but NP2 was absent. On toria (Brassica campestris), Apis florea and Apis mellifera showed all the three kinds of foraging modes; nectar thieving was quite common (Table 6 ). On the other hand, nectar thieving was absent in Apis dorsata (N-foragers were absent) whereas Andrena ilerda invariably showed P-foraging mode on this plant (Table 6 ). On carrot (Daucus carota), due to the very small size of the floret and exposed nectary, nectar thieving was not possible; hence N-foragers were absent (Table 7) . Andrena leaena and syrphid flies invariably showed only one kind of foraging mode (i.e., NP-foraging). However, Apis florea showed P-as well as NP-foraging modes (Table 7) . On bath sponge (Luffa cylindrica), Apis florea, and Halictus species had nectar thieves in their foragers; Melissodes species exhibited two kinds of foraging modes (i.e., P-and NPforaging) whereas Xylocopa fenestrata invariably exhibited only one kind of foraging mode (i.e., NP-foraging, Table 8 ). Therefore, mere observations on the foraging modes of the pollinators cannot differentiate them for their efficiency.
There were significant differences between the abundances of the pollinators of a plant (ANOVA, p<0.05, Tables  5-8 ) and so also in their foraging rates (ANOVA, p<0.05, . Apis florea was the most abundant on alfalfa, toria, and carrot. However, its foraging mode disqualified it as a pollinator of alfalfa, and foraging rate was lower than other pollinators on toria and carrot. Therefore, data on the abundance and foraging rate presented a very complex situation. On the basis of these data, it was difficult to draw any conclusion about the ranking of the pollinators for their efficiency. The foraging modes, foraging rates, and visitors' abundances alone were not the suitable measures to describe the pollination efficiency of a visitor species. Therefore, a single resultant value needed to be derived from these parameters to represent the efficiency of the pollinators; hence PTE equations (2a), (2b), (3), (4a), and (4b) presented above were used.
By applying data in these model equations, a single value of PTE for each species could be calculated, and the efficiency of the pollinator of a plant species could be determined (Tables 5-8) . In this way, on alfalfa, the order of PTE was M. nana > C. rubripes > C. cephalotes > A. dorsata > A. florea; on toria it was: A. ilerda > A. mellifera > A. dorsata > A. florea; on carrot it was A. leaena > A. florea > syrphid flies; and on Abbreviations are as in Table 5 . Table 5 .
bath sponge it was X. fenestrata > Melissodes sp. > Halictus sp. > A. florea. Thus, on the basis of the above model equations, PTE of the pollinators could be derived and pollinators of a plant species could be ranked. Again, how much authentic the latter ranking is in terms of contribution of the pollinators towards the reproductive success of a plant needs confirmation. The validation of these is possible if the maximum reproductive potential (number of ovules in the ovary) of a flower of a plant species and the effect of a single and the multiple visit(s) of the pollinators on the seed set of visited flower are known. For example, alfalfa flower has 12 ovules, its five of the six visitors (namely, Apis dorsata, Apis mellifera, Chalicodoma cephalotes, Chalicodoma rubripes, and Megachile nana) transfer >29 number of pollen grains in a single visit (Table 2) . Therefore, these five visitors of alfalfa can fully pollinate the visited flower in a single visit and they are contributing equally towards the reproductive success of the plant. However, in practice, it is not so. (Table 6 ), on carrot it is Andrena leaena > Apis florea > syrphid flies (Table 7) , and on bath sponge it is X. fenestrata > Melissodes sp. > Halictus sp. > A. florea (Table 8) .
Therefore, PTE method of measuring the PE of the flower visitors has certainly a broader and more authentic application than the other two methods. This is because the results on the PTE are more logical than the results on the other two methods of measuring the PE of flower visitors. However, the validation of PTE method too will need the help of knowledge on the reproductive potential of the plant species.
Discussion
Pollination involves two components, the flower(s) and the pollinator(s). Flower provides a reward in the form of pollen and/or nectar whereas the pollinator accomplishes the process of pollination. Both these components are expected to be benefitted from each other; however, it does not always happen. The latter contention becomes evident in many situations where the visitor successfully harvests the reward by adopting an illegitimate foraging route [52, 53, 55, 56] . Here, the flower is at a disadvantage as the visitor steals/ robs its rewards without extending it the benefit of pollination. On the other hand, foraging through legitimate route means both the components are benefitted. Whether foraging legitimately or illegitimately, the visitor comes out with a harvest whereas the flower may or may not be benefitted from the visitor's effort. Depriving the plant of the potential benefit from the pollinator's visit would mean affecting its reproductive success [15] . There are differences in the pollen removing and deposition efficiency of the flower visitors which adversely affects their usefulness to the plant in terms of its impaired reproductive success. The capability of the visitor to contribute towards the reproductive success of the plant is its pollination efficiency (PE). The experimental perusal revealed that all the three prevailing methods of measuring the PE of the flower visitors have some good features and lack some other; the method of PTE has an edge as it has certainly a broader scope and application as is evident from Tables 5-8 .
Different PTE equations are essentially based on foraging modes, foraging rates and abundances of the pollinators, and structural variations of the flowers/inflorescences. For example, in case of alfalfa (Medicago sativa) and toria (Brassica campestris), one forager at a time could work on a flower (pollination of bisexual and single flowers, the first situation, Figures 1-4) , and a visitor, such as a honey bee, visiting these flowers, travelled from one flower to the other. When one kind of foraging mode was shown, as for example nectar and pollen collection in every foraging attempt, (2a) was used for deriving the PTE. Here, every foraging attempt led to successful pollination. Thus foraging rate of a species reflected its pollen transfer efficiency (see foraging rates and PTE of megachilid species in Table 5 ). However, when more than one foraging mode were shown by the visitors of a species simultaneously or at different hours of the day, (2b) was used (see foraging modes, foraging rates, and PTE of Apis dorsata in Table 5 and Apis florea and Apis mellifera in Table 6 ). On the other hand, on carrot (Daucus carota) (the case of pollination of bisexual flowers which are aggregated, with exposed reproductive organs and of the sizes smaller than the pollinator, second situation), two behavior patterns were shown by the visitors: (i) nectar as well as pollen collection: they moved from one flower/floret to the other and (ii) only pollen collection: they ran/splashed over the floral disc/platform/ball and scattered pollen over several stigmas in each foraging effort ( Figure 5 ). Under these conditions, (3) was used for the derivation of PTE of the visitors (Table 7) . In bath sponge (Luffa cylindrica), the flowers were unisexual ( Figure 6 ) (pollination of unisexual and single flowers, third situation). Here, a female flower was pollinated if a forager visited a male flower immediately before this (conditional probability: P c ), and PTE was derived by using (4a) and (4b) very much on the pattern of (2a) and (2b). The pattern of different foraging modes of pollinators visiting the flowers of bath sponge (Luffa cylindrica) and their PTE is shown in Table 8 .
In this study, Medicago-Megachile and Brassica-Andrena provided suitable examples for applying (2a) whereas Medicago-Apis dorsata and Brassica-Apis were appropriate to (2b). Similarly, D. carota and its visitors represented (3) and Luffa-Xylocopa and Luffa-Melissodes represented (4a), whereas Luffa-Apis and Luffa-Halictus represented (4b). No representatives, however, were available for (5) .
With the modeled PTE equations, pollination efficiency of different floral visitors of four angiosperm species under different floral situations has been calculated (Tables 5-8 ).
The derived values using these model equations have dispelled many earlier claims. For example, the most abundant species is not necessarily the most efficient pollinator. This is true in case of Apis florea, a most abundant species, having the lowest PTE in this study. This is because a larger number of its visitors are either nectar thieves or this species has a lower foraging rate. Therefore, its contribution towards the reproductive success of these plants is relatively less than the other pollinators.
To examine the scope of modeled PTE equations in these studies (see (2a), (2b), (3), (4a), (4b), and (5), Tables 5-8) , data on seed set experiments in Tables 3-5 are perused. The following points were of interest.
(i) Nectar thieves do not play any role in the pollination as these visitors do not help set seeds in the visited flowers (Tables 3-5) . Therefore, PE of these visitors had zero value ( Table 6 ). The PTE modeled in this study incorporates this point. However, the same has been overlooked in many of the earlier studies as this component of forager's behavior has not been included in other methods.
(ii) Functional roles of P-and NP-foragers were alike as both categories of visitors help set seed. However, PTE of the two kinds of visitors was different. This is because their foraging rates and the numbers differed significantly (P > 0.05, Tables 4-8). The modeled PTE equations of this study have incorporated this component whereas this is missing in other studies and methods.
(iii) Single pollen transferring visit (of P-or NP-foragers) was enough for seed set in M. sativa, B. campestris, and D. carota (Tables 4 and 5 ). This may be due to the transfer of a fairly large number of pollen grains by the visitors (Table 2) as compared to the small number of ovules present in the ovaries of their flowers (12, 24 , and 2 ovules per ovary, respectively). Here, the method proposed by Spears [34] and other similar methods would fail to differentiate between the visitors of above three plants. However, the modeled PTE equations of this study effectively do this job. Likewise, in such cases, multiple visits were of little use to the flowers of these plants (P > 0.05, Table 5 ). This is because the effects of pollen transferring visits of different visitors to plant species were the same and the difference was only in their foraging rates (Tables 5-8) ; the latter aspect has been incorporated in the present PTE modeled equations but has been ignored in the other methods.
(iv) In bath sponge (L. cylindrica), due to the presence of a large number of ovules in the ovary (>1000), transfer of >100 pollen (grains) was essential for fruit formation in 100 percent flowers (Table 3) . Here, there is a distinct role of multiple visits and the large pollen loads of pollinators of this plant (Tables  1, 2 , and 4). It is interesting to note that the patterns of seed set and PTE of different pollinators were similar (Tables 4 and  8 ). The pollinator with a greater PTE should be more useful to this plant and vice versa.
Conclusion
From the foregoing account, it is evident that each method of measuring the pollination efficiency of flower visitors has some limitations. The 'number of pollen grains removed and deposited' and the 'seed set resulting from a single and the multiple visits' lacked a universal application. These methods were certainly appropriate in finding differences between the efficiency ranks of the pollinators of those flowers where number of deposited pollen grains was less than the number of ovules in the ovary. However, these two methods completely failed where exactly reverse situation of pollen grains and ovules existed. Thus, these two methods of measuring the PE of visitors had limited approach and lacked a universal application in the entire angiosperm taxa. On the other hand, use of 'pollen transfer efficiency' derived from the foraging behavior and abundance of the visitors seemed to have an edge over the other two methods as this was helpful in finding differences between the efficiency ranks of the pollinators of plants in all the three situations tested in this study. However, validation of all the three methods through the plant reproductive potential seemed to be an essential confirmatory step for drawing inferences about the efficiency of pollinators.
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